Fanconi anemia (FA) is a recessively inherited disease manifesting developmental abnormalities, bone marrow failure, and increased risk of malignancies. Whereas FA has been studied for nearly 90 years, only in the last 20 years have increasing numbers of genes been implicated in the pathogenesis associated with this genetic disease. To date, 19 genes have been identified that encode Fanconi anemia complementation group proteins, all of which are named or aliased, using the root symbol "FANC." Fanconi anemia subtype (FANC) proteins function in a common DNA repair pathway called "the FA pathway," which is essential for maintaining genomic integrity. The various FANC mutant proteins contribute to distinct steps associated with FA pathogenesis. Herein, we provide a review update of the 19 human FANC and their mouse orthologs, an evolutionary perspective on the FANC genes, and the functional significance of the FA DNA repair pathway in association with clinical disorders. This is an example of a set of genes--known to exist in vertebrates, invertebrates, plants, and yeast--that are grouped together on the basis of shared biochemical and physiological functions, rather than evolutionary phylogeny, and have been named on this basis by the HUGO Gene Nomenclature Committee (HGNC).
Introduction
Fanconi anemia (FA) is an autosomal recessive disorder having an incidence of~1/200,000-400,000 in most populations; the incidence is higher in Ashkenazi Jews (~1/30,000) and Afrikaners (~1/22,000) [1] [2] [3] [4] . Most FA patients exhibit developmental abnormalities, developing early bone marrow failure and acute myelogenous leukemia (AML). Later, these patients display a higher risk of developing carcinomas of the head, neck, and anogenital region [5] .
In recent decades, 19 human genes have been implicated in the causation of FA. These genes code for a group of proteins, viz. the Fanconi anemia subtype (FANC) proteins, which function cooperatively in a DNA damage recognition -and -repair pathway [6] . The FA pathway plays a crucial role in maintaining hematological homeostasis--particularly blood cell development and differentiation. FA is a congenital disease resulting from a somatic mutation in both alleles of the specific FANC gene; a notable exception is FANCB in which the mutation occurs on the X chromosome [7] . The primary causal factor in FA is generally thought to involve chromosomal instability in hematopoietic stem cells, a result of defective DNA repair caused by mutant FANC proteins [8, 9] . However, precise molecular mechanisms underlying the roles of specific FANC proteins (as well as their interactions with non-FANC proteins) in the FA pathway or other DNA damage repair pathways remain to be defined.
Genetics of FA: human FANC genes
FA was first reported in 1927 by Swiss pediatrician Guido Fanconi. After finding three siblings who suffered from complex physical defects relating to aplastic anemia, Dr. Fanconi described the intrinsic nature of the abnormalities as "panmyelopathy" and proposed that multiple genes were likely causing the underlying complexity of FA symptoms [10] . It was later recognized that a high degree of underlying genetic heterogeneity existed in this disease [11] . Sixty-five years after the initial FA case was reported, the first FANC gene (FANCC) was identified, following development of a complementation-cloning method [12] . This approach was subsequently used in identification of an additional four FANC genes [13] [14] [15] [16] . Through the use of complementation cloning, positional cloning, protein association, and candidategene and whole-genome sequencing, 19 FANC genes have now been identified as being involved in the etiology of FA ( Table 1 ). The FANC genes are phylogenetically unrelated and have been grouped together and named or aliased with the FANC root symbol, based on association of mutations in the encoded proteins having a FA-like disease phenotype in combination with cellular hypersensitivity to DNA cross-linking agents.
Information about most published FANC gene mutations is available on the public Fanconi Anemia Mutation Database (http://www.rockefeller.edu/fanconi/). Genetic studies have revealed that mutations in the FANCA, FANCC, and FANCG genes are most common and account for~85 % of FA cases [5, 17] . The FANCA gene was the second FANC gene identified [13] . FANCA mutations account for nearly~65 % of FA cases [18] . About 200 different mutated FANCA alleles, comprising almost all the known mutation types, have been reported to date. Large intragenic deletions appear to be the major form of mutations [18] .
FANCC mutations account for~14 % of FA cases [5] . Among all known mutants, 322delG and IVS4+4A>T occurring in exon 1 and intron 4, respectively, are the most commonly observed FANCC mutations [19, 20] . Deletion of a single G at base 322 (322delG) produces a truncated protein of 44 amino acids. The IVS4+4A>T mutation results in either deletion of the entire exon 4 or a 40-bp deletion leading to a frame-shift.
FANCG was found to be identical to the X-ray repair cross-complementing protein 9 (XRCC9) gene; the gene is named as FANCG, with XRCC9 as an alias for the DNA repair protein. FANCG mutations account for 10 % of FA cases [5] and have been implicated as founder mutations in different populations. For instance, a deletion mutation at c.637_643delTACCGCC was found to be associated with 82 % of FA cases in black populations of Southern Africa [21] . Screening of 45 FA families in Japan showed that nine of the families carried a splice mutation of IVS3+1G>C, with three of these nine families also carrying a 1066C>T mutation. Haplotype analysis revealed IVS3+1G>C and 1066C>T to be associated with Japanese and Korean ethnicities [22] , respectively.
Mutations in the FANCB, FANCD1, FANCD2, FANCE, and FANCF genes, combined, account for~13 % of reported FA cases [5] . The FANCB gene is the only FANC gene not to be autosomal, but rather X-linked. Point mutations, small insertions, and large deletions in the FANCB gene have been reported. For instance, a frameshift mutation in exon 8 and a 3314-bp deletion in exon 1 (that includes some of the promoter region of FANCB) were reported in cell lines derived from FA patients [7] . Most FANCB mutations result in truncation of the encoded protein [23] .
FANCD1 is identical to the breast cancer susceptibility gene BRCA2; because the latter gene symbol was so extremely well-established, this gene is officially named BRCA2 by the HGNC but has the alias of FANCD1. Studies reveal that FA-D1 patients have biallelic mutations in the BRCA2 gene and express a truncated protein [24] . Heterozygotes in FA families (e.g., parents of FA patients) display increased risk of early-onset breast and ovarian cancers [25] . These findings connect FA and breast cancer, which share common mechanisms of defective DNA repair.
FANCD2 encodes a protein that plays a central role in the FA pathway of DNA repair. FANCD2 mutations involving large deletions and/or single-base changes have been reported [26, 27] . In addition, specific FANCD2 mutations (for example, c.458T>C and c.2715+1G>A) have been associated with T cell acute lymphoblastic leukemia (T-ALL) and testicular seminoma [26, 27] .
Mutations in the FANCE and FANCF genes account for 5-8 % of reported FA cases [5, 17] . Multiple types of mutation have been reported for FANCE, including a 355C>T transition in exon 2 in the EUFA410 FA cell line and the IVS5-8G>A splice mutation in EUFA622 cells [16, 28] . Disease-associated mutations have been reported throughout the single coding exon of the FANCF gene. The most commonly seen FANCF mutations are short deletions, resulting in frame-shifts and premature termination of the protein [29] .
Mutations in the remaining FA genes, FANCI, BRIP1 (FANCJ), FANCL, FANCM, PALB2 (FANCN), RAD51C (FANCO), SLX4 (FANCP), ERCC4 (FANCQ), BRCA1 (FANCS), and the recently reported RAD51(FANCR) and UBE2T (FANCT), contribute to <5 % of FA cases, combined [5, 17] . Documented mutations in these eleven genes--in FA patients and/or FA subtype cell lines--include point mutations, nucleotide insertions, splice-site mutations, and mutations resulting in protein truncation. For example, biallelic mutations [30] and a 30-residue C-terminal protein truncation [31] were reported for FANCI.
BRIP1 (BRCA1-interacting protein C-terminal helicase 1) is the official gene symbol for FANCJ. Amino-acid substitutions in BRIP1/FANCJ, such as R251C, Q255H, and A349P, were found to be disease-causing [32, 33] .
A dinucleotide insertion (c.755-756insAT) in FANCL [34] , c.5569G>A transition in FANCM [35] , and 3549C>G transition and 3549C>A transversion mutations in PALB2/ FANCN [36] were reported in FA families. PALB2 (partner and localizer of BRCA2) is the official gene symbol for FANCN. However, it should be noted that Lim et al. [38] . SLX4 (SLX4 structure-specific endonuclease subunit) and ERCC4 (excision-repair crosscomplementation group 4) are the official gene symbols for FANCP and FANCQ, respectively. Biallelic mutations in the SLX4/FANCP and ERCC4/FANCQ genes have been documented to cause FA subtypes [39] [40] [41] .
BRCA1 (breast cancer 1, early onset) has recently been identified as the 17th FANC gene and assigned the FANCS synonym [42] . Despite knowing that the BRCA1 protein cooperates in the FA pathway through forming a complex with several FANC proteins at DNA repair loci [43] , BRCA1 was previously precluded from being assigned as a FA gene due to the lack of reported biallelic BRCA1 mutations in patients. However, recently, two cases of individuals harboring biallelic deleterious BRCA1 mutations were reported [42, 44] . Detailed phenotypic and cellular characterization of one patient provided lines of evidence supporting the hypothesis that biallelic BRCA1 (FANCS) mutations cause a new Fanconi anemia subtype associated with increased breast and ovarian cancer susceptibility [42] .
Most recently, researchers have identified two new genes, mutations of which cause FA-like symptoms. The RAD51 gene encodes a key recombinase essential for homologous recombination of DNA during double strand break repair [45] . RAD51 is a mammalian homologue of the bacterial DNA repair protein RecA. A novel heterozygous mutation (T131P) in RAD51 was identified in a FA-like patient [46] . Expression of this dominant-negative mutant RAD51 in the patient's cell line disrupted interstrand cross-link (ICL) repair but spared homologous recombination [46] . The authors proposed that RAD51 plays an ICL-repair-specific function through protection of nascent DNA strands from excessive processing at the ICL sites; this function may be regulated by BRCA2/FANCD1 [46] . The UBE2T gene encodes an ubiquitin-conjugating enzyme E2T that was already known to act in the FA pathway [47, 48] . Two unrelated individuals were found with biallelic UBE2T missense mutations that rendered the UBE2T protein unable to interact with FANCL [48] . The RAD51 and UBE2T genes have now been given the aliases FANCR and FANCT, respectively.
Evolution of FANC genes
It was originally thought that the FA DNA repair pathway was restricted to vertebrates. However, counterparts of several FA proteins have been discovered in lower eukaryotes, including sea squirt (C. intestinalis) [49] , fly [50] [51] [52] , worm [53] [54] [55] , and yeast [56, 57] , as well as in plants [58] . Nevertheless, it appears that the majority of lower eukaryotes possess a simplified FA pathway (Fig. 1) consisting of FANCL, FANCM, UBE2T, FANCD2, FANCI, BRCA2, BRIP1, RAD51C, SLX4, ERCC4, and RAD51. These FA proteins represent two components What appear to have evolved later in the ancestral animal kingdom are most of the FA core complex proteins (Fig. 1) . In addition to the 19 human FANC genes, two pseudogenes of the FANCD2 gene have been annotated in the human genome, FANCD2P1 (gene ID 100421239) and FANCD2P2 (gene ID 101929530).
Comparative genomic analysis revealed genes of the FA pathway to be conserved among vertebrate genomes [49, 59] . A single ortholog of each of the 19 human FANC genes has been identified in other vertebrates--including rodents, chicken, Xenopus, and zebrafish (Fig. 1) . However, the zebrafish genome has no BRCA1 orthologue, suggesting that the entire vertebrate FA gene network had not been completely formed after the land-animal/sea-animal split.
In the mouse genome, 19 Fanc genes have been mapped to 13 chromosomes (Table 2 ). Mouse FANC proteins share 50-85 % sequence identity with their corresponding human orthologs. Transgenic knockout mouse lines have been generated for many Fanc genes [60] [61] [62] [63] [64] [65] [66] [67] [68] . In general, cells derived from Fanc(−/−) knockout mice recapitulate the phenotypes of human FA patient cells, whereas these mice only partially reproduce the clinical features of FA patients.
FANC complementation group proteins that cause the FA disorder
FA is characterized primarily by progressive bone marrow dysfunction and sensitivity to DNA cross-linking agents [5, 17] . This congenital disease results from lossof-function of any of the 19 FANC genes, thereby revealing the essential roles of FANC proteins in maintaining chromosomal stability of hematopoietic stem cells. As noted above, more than 95 % of FA cases are attributed to mutations in known FANC genes [5] . In a few FA cases, genetic contributions remain unclassified. The unique clinical phenotype associated with FANC gene mutations implies that proteins encoded by these genes function in a common cellular pathway. This pathway, known as the FA/BRCA DNA repair pathway, functions pivotally in preserving genomic homeostasis in response to specific types of DNA damage [6] .
In a proposed model of the FA/BRCA DNA repair pathway (Fig. 2) [5, 17] , eight FANC proteins--FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM--plus three FA-associated proteins, FAAP20, FAAP24, and FAAP100, form the nuclear FA core complex. Fanconi anemia core complex associated proteins (FAAP) are functionally equivalent to FANC proteins, except that, thus far, no FA patients have been found whose disease phenotype could be ascribed to mutations in a FAAP-encoding gene. The FA core complex functions to receive upstream signals in response to DNA damage, through phosphorylation of multiple FA core units. The activated FA core complex binds the enzyme UBE2T (FANCT) via the putative plant homeodomain (PHD) zinc finger of the FANCL subunit, and then mono-ubiquitinates the FANCD2/I complex. This then translocates to DNA damage sites and recruits eight downstream FA effector proteins, i.e., BRCA1, BRCA2, BRIP1, PALB2, RAD51C, SLX4, ERCC4, RAD51, plus other DNA repair molecules, to DNA damage sites.
Distinct roles of FA proteins in the FA core complex and FANCD2/I complex have been suggested. FANCE contributes to core complex integrity--by promoting nuclear accumulation of FANCC protein and FANCA--FANCC complex formation and directly targeting FANCD2 for ubiquitination [69] . Phe-522, at the highly conserved carboxyl terminus of FANCE, was found to be a critical residue for mediating mono-ubiquitination of the FANCD2/I complex [70] . FANCL is an E3 ubiquitin ligase containing three WD40 repeats and a PHD zinc finger motif. These account for protein-protein interactions and recruitment of UBE2T (FANCT), respectively [71] , both of which function importantly in FANCD2 mono-ubiquitination. FANCM in the FA core complex was reported to possess endonuclease and DNA helicase domains and is believed to function in translocation of the FA core complex along DNA [51] . FANCD2 mono-ubiquitination is essential for FA pathway-mediated DNA repair. However, the specific role of FANCD2 in the repair process remains unknown. A higher frequency of telomere dysfunction-induced foci (TIFs) and telomere sister-chromatid exchanges (T-SCE) was observed in primary cells derived from FA patients carrying a mutated FANCD2 gene [72] , suggesting its involvement in telomere regulation.
Of the 19 FANC proteins, some have been previously identified as part of different DNA damage repair pathways that may interact with the FA pathway [73, 74] . For example, FANCA has been reported to interact with DNA repair-associated proteins, such as the endonuclease ERCC4 and the ATP-dependent helicase SMARCA4 [75, 76] . In addition, FANCA mutant cells (derived from FA patients) exhibit defective mitochondrial respiration and impaired ATP production [77] . In human embryonic kidney (HEK 293T) cells, FANCA was found to influence centrosome integrity by way of its capacity to interact with NIMA-related kinase 2 (NEK2) [78] .
FA pathway combats genomic instability
One of the hallmarks of FA is hypersensitivity of cells from FA patients to the clastogenic and cytostatic effects of DNA cross-linking agents such as diepoxybutane (DEB) and mitomycin C (MMC) [5, 17] . In particular, DNA ICLs are highly cytotoxic and difficult to repair because these affect both strands of the DNA helix [79] . The FA/BRCA DNA damage-response pathway is a complex network that functions to remove ICLs through the coordinated actions of FANC proteins--plus other non-FANC proteins such as FAAPs and FANCD2/I-associated nuclease-1 (FAN1) [5, 17] .
From an evolutionary point of view, the complete FA pathway is conserved in higher eukaryotes as an efficient pathway to manage ICLs [59] . In this model (Fig. 2) , the FA core complex, comprising eight FANC proteins and three FAAPs, forms in response to DNA -damage signaling. The assembled FA core complex binds the ubiquitin-conjugating enzyme UBE2T via the FANCL subunit, which then activates the FANCD2/I complex via mono-ubiquitination at the K561 residue of FANCD2. The ubiquitinated FANCD2/I complex translocates to sites of DNA damage following binding with BRCA1/2 and RAD51, which ultimately triggers DNA repair.
Extensive crosstalk occurs between the FA/BRCA pathway and other DNA repair pathways. FANCD2-deficient cells are hypersensitive to ionizing radiation [80] . In these cells, the FANCD2 mutant cannot be efficiently phosphorylated by the Ser/Thr kinase ATM, resulting in a defect in the ionizing radiation-inducible S-phase checkpoint. FANCD2 was found to initiate S-phase arrest, in response to ionizing radiation, by interacting with ATMphosphorylated nibrin of the MRE11-RAD50-NBN/NBS1 (MRN) complex [81, 82] . In response to ICL agents such as mitomycin C (MMC), phosphorylated FANCD2 colocalizes with the MRN complex at the DNA damage sites. This FANCD2/ATM pathway operates independently of the FANCD2/BRCA pathway because FANCD2 mono-ubiquitination-mediated formation of nuclear foci is not affected in ATM-deficient (ATM(−/−)) cells. In addition, a non-ubiquitinated mutant K561R of FANCD2 has no effect on FANCD2 phosphorylation, following ionizing radiation. FANCM was reported to interact with the Bloom syndrome (BS) complex using its highly conserved protein-protein interaction motifs, MM1 and MM2 [83] . The BS complex binds to the FA core complex by means of MM1-mediated FANCM-FANCF interaction and MM2-mediated interaction between FANCM, RecQmediated genomic instability 1 (RMI1), and topoisomerase IIIα (TOP3A) of the BS complex. This FANCM-mediated FA-BS crosstalk is required for MMC resistance of cells.
FA and cancer
A high risk of carcinogenesis, particularly in hematopoietic and squamous cells, is another characteristic phenotype in FA patients, due to loss-of-function of FA proteins. FArelated malignancies vary between organs and cell types and in ages of onset and frequencies. Statistical analysis of 1300 identified FA cases revealed the highest frequency to be leukemia (9 %), followed by myelodysplastic syndrome (MDS) (7 %), solid tumors (5 %), and liver tumors (3 %) [84] . (P), and ERCC4 (Q), plus other DNA repair molecules (such as FAN1) to the lesion site to repair damage. In the FANCM/BS pathway [2] , the FA core complex binds to the BS complex by way of interactions between FANCM-RMI1 and TopoIIIα of the BS complex and translocates to the lesion site. In the FANCD2/ATM pathway [3] , in response to ionizing radiation or ICL-inducing agents, FANCD2 is phosphorylated by ATM and co-localizes with the NMR complex to repair DNA damage or cause S-phase arrest. ICL interstrand cross-links, ATR ataxia-telangiectasia-Ser/Thr-protein kinase, ATM ataxia telangiectasia mutated kinase, FAAP FA-associated proteins, FAN1 FA-associated nuclease-1, BS Bloom's syndrome protein, RMI1/2 RecQmediated genomic instability protein 1/2, TopoIIIα topoisomerase IIIα, NMR the NBS1/MRE11/RAD50 complex Using the International Fanconi Anemia Registry (IFAR) database to analyze 397 FA patients carrying FANCC mutations (specifically the IVS4 splice mutation in intron 4, 322delG or Q13X in exon 1 and R548X or L554P in exon 14) revealed that IVS4 and exon-14 mutations were highly correlated with severe congenital malformations and early onset of hematologic disorders at a median age of 2.7 and 2.1 years, respectively. Patients with exon-1 322delG or Q13X mutations exhibited mild congenital malformations and later onset of hematologic disease (median age 7.6 years) [85] . The IVS4 mutation caused distinct phenotypes in patients of Ashkenazi Jewish ancestry; interestingly, Japanese carriers display no significant clinical abnormality [86] . Patients carrying biallelic mutations in FANCD1 demonstrate an early-onset leukemia (median age 2.2 years), compared with 13.4 years in other FA patients [87] . Increased risk of esophageal squamous cell carcinoma (ESCC) was reported to be associated with mutations in FANCD2, FANCE, FANCL, and FANCA in patients from an Iranian population [88] . Screening of germline DNA in 421 pancreatic cancer cases showed that, besides homozygote-associated cancer formation, heterozygous FANCC mutations were associated with increased susceptibility to pancreatic cancer [89] . A BRIP1 mutation (c.2040_2041insTT), found at an allelic frequency of 0.41 % in an Icelandic cohort of 323,000 samples, was found to confer an elevated risk of ovarian cancer and is associated with an overall decrease of 3.6 years in lifespan--due to all cancers [90] .
Summary
Many of the currently identified 19 FA proteins have already been characterized with respect to their relative roles in FA etiology and FA-associated neoplasm. However, our understanding of the full range of molecular actions of these important and intriguing proteins remains to be clarified. For example, the specific role of individual FA protein members and their interaction with non-FA pathways in response to DNA damage are not fully understood. Reported cases of certain heterozygous FANC mutations, resulting in altered FA proteins, that predispose some individuals to cancer might involve non-FA mechanisms in specific organ or cell types. The observation that a specific FANC mutation can induce a different phenotype, depending on each patient's specific genetic background, suggests that non-FA factor(s), or unidentified FA proteins, might also be participating in cancer risk. Further investigation of FA proteins should provide valuable insights into understanding molecular mechanisms involved in maintaining genomic integrity.
Finally, it should be mentioned that almost all previous Human Genomics "Nomenclature Update" reviews have emphasized gene nomenclature based on evolutionary divergence from an original ancestral gene. In the case of the FANC gene group--or "family"--we show here that the HGNC-approved classification of these 19 genes is based on a common phenotype resulting from a shared biochemical or physiological functions, rather than evolutionary divergence and, as such, this is not a classical "gene family."
